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Abstract
CO2 capture and storage technology is often hampered by CO2 leakage through natural occurring
fractures in the overlying caprock. This work suggests a two-dimensional test case of typical CO2
injection with possible leakage into freshwater resource. By using this test case in combination with a 1D
verification example, the effects of sorption and decay processes are evaluated. Leakage value and
buoyancy number reveal that buoyancy is the main mechanism for leakage, and the sorption process
delays the arrival of CO2 at the fracture. The volume translated Peng-Robinson (VTPR) equation of state
(EoS) has been modified for accurate material properties of CO2 and water in a multi-componential flow 
model.
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1. Introduction
CO2 capture from industrial gas release and its storage into the geological underground is a technology 
called CO2 sequestration that helps to reduce effects of greenhouse gas emissions. However,
understanding of complex processes of CO2 interaction with formation fluids and rock materials during
and after CO2 injection helps to develop appropriate strategies for protection of the environment and
secures feasibility of the CO2 sequestration. According to Bear (1972), such complex systems can be
represented properly by mathematical models and numerical simulations. To find appropriate storage in 
which the CO2 can be stored safely for several centuries is the key issue. It is believed that the storage
should be deep enough to hold the injected CO2 in liquid or supercritical state. According to Pan et al.
(2009), supercritical CO2 at such depth is less dense than the resident water. This difference in density
forces CO2 to rising up then we need a stratum which main function is to prevent the rise of CO2. In 
presence of any fault and fracture, caprock cannot prevent further rise of CO2 into shallower regions 
where release of CO2 puts drinking water resources in danger.
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In this context, benchmarking is an accepted scientific approach to validate various processes either 
individually or in coupled fashion with different degree of complexity (Kolditz et al. 2012a). Benchmarks 
represent well-defined examples for process simulation under simplified conditions keeping the necessary 
physics of the problem under consideration. Additionally, benchmark provides an important tool for 
system analysis to get better understanding of coupled physical processes. Ebigbo et al. (2007) suggested 
a benchmark problem related to CO2 plume evolution in a rock formation where the leaky well was 
assumed as a porous medium with higher permeability than the formation. Their numerical simulation 
showed that the leakage value is declined after reaching a certain peak value. Class et al. (2009) 
summarized results (CO2 leakage value over time) as predicted by the participating groups and their 
specific software products (TOUGH2 - CO2CRC/CSIRO Melbourne; COORES - IFP Rueil-Malmaison; 
ECLIPSE - Schlumberger Paris etc.) on a benchmark study applied to the problem of CO2 leakage 
through a vertical leaky well. The curves predicted by the different models are in good agreement for the 
peak leakage value. Nordbotten et al. (2005) derived an analytical solution to describe the space time 
evolution of the CO2 plume for injection problem with leakage. They examined a range of injection 
environments possible for CO2 storage and compared the analytical solution to result from a standard 
numerical simulator. Kolditz et al (2012b) proposed a general systematic for benchmarking. In the 
framework of CO2 injection problems, they recommended a multi-step procedure for benchmarking, i.e. 
complexity of process coupling, accuracy of EoS and capturing real-site characteristics. 
 
In this paper, we propose a process based benchmark problem related to the CO2 injection into storage 
with possible leakage into a freshwater body through an inclined fracture. Aims of this modeling are to 
find the mechanism of CO2 leakage and to quantify the amount of CO2 that might go into the nearby 
drinking water resource. To get the basic understanding of the relevant physical processes, separated 
processes as well as different process coupling effects are analyzed on the considered model. Here, 
geological storage of CO2 is described by multi-componential flow concept (Singh et al. 2011a; Böttcher 
et al. 20011). Special focus is given on VTPR EoS to account for the real behavior of the water and CO2. 
2. Numerical modeling 
Below we discuss the injection of supercritical CO2 into a multi-layered aquifer system. 
2.1. Governing equations:  
Assuming that grains of the porous medium are incompressible and neglecting external loading, the 
mass conservation of the mixture composed of CO2 and water can be expressed as 
 
Here fluid density is calculated from to extended ideal gas equation and super compressibility factor is 
obtained from the solution of cubic equation of VTPR EoS. 
The time derivative of fluid density term reads 
 
Here, n is porosity,  is density, t is time, v is pore fluid velocity, Q  is mass source term and f stands for 
fluid, p is fluid compressibility, p is fluid pressure, T is temperature, T is thermal expansivity, x is 
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solutal expansivity and y is mass fraction. k stands for components number. First term in the right-hand 
side of Eq. (2) corresponds to changes in storage caused by compressibility of fluid. Second and third 
terms represent change in mass caused by temperature and mass fraction evolution, respectively. As such, 
both represent compressibility effects and control the size of thermal and CO2 plumes. 
 
Linear mom  
 
 
Here, k is intrinsic permeability,  is dynamic viscosity and g is gravity vector. The divergent form of 
heat and mass transport equations can be derived from the conservation principle. Numerically, the 
convective form of the transport equation is preferred because it is a simpler boundary value problem and 
accessible. The convective forms are obtained by substituting the mass conservation equation for the fluid 





Here, s stands for solid, T0 is reference temperature, cp is specific heat capacity,  is tensor of the 
thermodynamic dispersion, R is retardation factor, Rd is derivative term of retardation, D is tensor of the 
hydrodynamic dispersion and  is decay constant. 
 
The Henry sorption law ( ) is used to derive relation for retardation factor. 
 
 




Here, KD is the Henry sorption coefficient,  is Kronecker delta t and l are transverse and 
longitudinal dispersivities, respectively.  is thermal conductivity and D is diffusion coefficient.  
2.2. Equations of state 
In the literature (Olivella and Gens 2000; Singh et al. 2011b), separate EoSs were used for predicting 
the gas and liquid thermodynamic and transport properties. In those cases, the thermodynamic theorem of 
corresponding state is not used. To use this theorem, there would be a common EoS for both fluids. Van 
der Waals EoS works for liquid and gas both, but, it allows only a very rough and imprecise prediction of 
the fluid parameters with giving a hint that the critical constants may be useful to get thermal and 
transport properties. After Peng-Robinson (1976) there is a modification in the Peng-Robinson (PR) EoS 
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called VTPR EoS by Tsai and Chen (1998). The VTPR EoS gives material parameters for liquid and gas 
quite 
repulsion parameter. For pure component translated volume can be determined by calculating the 
difference in experimental and calculated molar volume at the reduced temperature , 
however, we used an analytical relation given by Ahlers and Gmehling (2001). 
 
VTPR EoS with analytical expression for translated volume, , is 
written 
 
Here, Vm is molar volume.  For water: 
 and for CO2: 
. Originally, Ahlers and Gmehling (2001) used 
0.252 for Fp. We replaced this constant by a third order polynomial for better accuracy. 
 
Fig. 1. Pressure dependent density, viscosity and specific heat capacity of CO2 (right) and water (left) at temperature of 318.15 K are 
compared with NIST data. 
 
Density and temperature dependent viscosity, heat capacity and thermal conductivity of the components 
are averaged for mixture using van der Waals mixing rule (Singh et al. 2012). Using VTPR EoS, in Fig. 
1, we presented density, dynamic viscosity and specific heat capacity of water and CO2 along the data 
from national institute of standards and technology (NIST) data. Advantage of using VTPR instead of PR 
EoS is that it gives thermodynamic and transport properties for gas and liquid both quite accurately (Tsai 
and Chen 1998). 
2.3. Numerical scheme 
 A.K. Singh et al. /  Energy Procedia  37 ( 2013 )  3901 – 3910 3905
The partial differential equations are discretized in space with the Galerkin finite element approach. The 
2D problem domain is discretized with triangular elements and the fracture with line elements. Linear 
shape function is used to interpolate value of primary variables between the nodes. The coupled system of 
governing equations is solved in a monolithic way for pressure, temperature and mass fraction of CO2 and 
water at the nodes of the finite element meshes. To achieve 
stable solutions and steady-state conditions rapidly by means 
of the explicit Euler scheme, we diagonalized the mass 
matrix or lump the masses. The non-linear system is 
linearized using the Picard method. The numerical module 
for multi-componential flow is implemented into the 
scientific open-source code OpenGeoSys (OGS). 
2.4. Code verification 
Van Genuchten and Alves (1982) presented an analytical 
solution for the one-dimensional advective-diffusive 
transport of contaminant through a porous medium with 
sorption. We compared numerically computed tracer breakthrough curves (at a point 5 m from the 
injection end of a 1000 m long horizontal porous reservoir) with analytical solution. The material 
properties used in this simulation are as follow. 
 
. The pores of solid skeleton are occupied by water at temperature of 318.15 K and pressure 
of 101325 Pa. Tracer chemical (CO2) is injected with rate of 2 m3 per day for ten days. Fig. 2 shows the 
tracer breakthrough curves at the point mentioned earlier from different level of process coupling along 
with the available analytical solutions. 
Fig. 2. Comparison of numerical and analytical breakthrough curves for a one-dimensional tracer transport example. 
The following initial and boundary conditions have been applied: 
 
Here, t0 is duration that tracer chemical pulse and y0 is the constant concentration of the pulse. The 








Model geometry is shown in Fig. 3, which involves an inclined fracture (80°) that connects the CO2 
storage and freshwater body separated by a 60 m thick caprock. From the left top point of the CO2 
storage, CO2 is injected with rate of for ten year. The model domain is located 1000 to 1100 m 
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below to surface and has dimensions: 500 × 100 m. The inclined fracture is at 100 m from the injection 





The considered model has three layers located at 1000 m depth to ensure that the stored CO2 will be in a 
supercritical state. The initial pressure is 1.0×107 Pa and initial temperature 318.15 K, following a 
geothermal gradient of 0.03 K per meter with a surface temperature of 288.15 K. Each layer of this multi 
layered aquifer system is assumed to be infinitely long, homogeneous and isotropic which medium 
properties such as porosity, intrinsic permeability, tortuosity and .dispersivities are given in Table 1. 
Apart from these parameters, s=2500 kg m-3 cps=1200 J kg-1 K-1, s=2.5 W m-1K-1 and D=1.0×10-8 m2s-1. 
For the fracture, we assigned porosity, n=1, and intrinsic permeability according to the relation, k=b2/12. 
Table 1. Model parameters used for numerical simulation. 
Layer n k (m2)   l (m) t (m) 
CO2 Storage 0.1 1.0×10-13  1 2 0.2 
Caprock 0.01 1.0×10-18  0.1 0.1 0.01 
Freshwater body 0.1 1.0×10-13  1 2 0.2 




















Fig. 4. Distribution of the CO2 mass-fraction at (a) 1st year (b) 3rd year and (c) 10th year of CO2 injection. 
Distribution of mass-fraction of CO2 is important information for 
monitoring purpose. In Fig.4, CO2 mass-fraction 
distribution is shown for three different times during CO2 
injection into a fractured aquifer system. 
Simulation includes advective and dispersive 
spreading of CO2 with considering the sorption process. 
Fig. 4 shows that injected CO2 arrives at the 
fracture within three years then through the fracture, 
injected supercritical CO2 enters into the freshwater 
body and spreads laterally along the top. From the 
process analysis we find that by including sorption 
process, mass transport is retarded and CO2 arrival at the 
fracture is delayed. 
3.1. Leakage value 
Important results for this study are the variation of the 
CO2 leakage value with time, and how the sorption 
process affects the leakage of CO2. We defined the 
leakage value as the CO2 flux divided by the injection 
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rate. This tells what portion of injected CO2 leaked out from a point. By quantifying leaked CO2 we could 
determine the potential contamination of freshwater resources. 
 
Fig. 5a shows the evolution of the leakage value at the midpoint of the fracture for isothermal and 
sorption processes. Fig. 5a clearly shows that leakage value is suppressed by considering sorption 
process. Additionally, curves presented in the Fig. 5a give the steady leakage value for readily calculation 
of CO2 amount entering into the freshwater resource from leakage. The leakage value shows that about 

















Fig. 5. Evolution of the (a) leakage value and (b) buoyancy number at mid-point of the fracture from the scenario of CO2 injection. 
3.2. Viscous and gravity forces 
At the considered depth, CO2 enters into the aquifer with lower density compared to the resident water. 
Hence, CO2 is buoyant in such environment. Apart from lower density, CO2 viscosity is around one order 
of magnitude lower than water viscosity which gives CO2 a higher mobility. Since formation is already 
saturated with water the injection of CO2 builds pressure. Hence, there are two main driving forces in 
charge for fluid flow throughout the model domain. The first one is the buoyancy force due to density 
difference between water and CO2 and the second one is viscos force due to pressure gradient. To 
quantify the relative influence of these two forces, gravity number is defined as the ratio of gravity to 
viscous forces. 
 
Here, 0 is the water density at initial temperature and pressure. 
 
Therefore, flow with large gravity number (N > 1) is gravity dominated flow while smaller gravity 
number (N < 1) means that the viscous force dominates. 
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In addition to the buoyancy number given before, In Fig. 5b, buoyancy number is presented at mid-point 
of the fracture. From the trends of the curves it is said that flow is dominated by buoyancy in the fracture 
and sorption process delays the arrival of CO2 at the fracture. 
4. Concluding remarks 
In the present study with adapting benchmarking approach we investigated the effect of the sorption 
process on the possible CO2 leakage into a drinking water resource through an inclined fracture. From the 
presented results we conclude the following findings:  
 
1. The VTPR EoS predicted the thermodynamic and transport properties of water and CO2 in a wide 
range of physical conditions compared to other approaches. Buoyancy number and leakage value 
were defined avoiding a serious restriction in the multi-componential flow modeling, i.e. density 
ratio of water to CO2 remains the same in model. 
2. From the computed buoyancy number in the fracture, we said that main mechanism of CO2 flow 
in the fracture is buoyancy and sorption delayed the arrival of injected CO2 at the fracture. 
3. The numerical scheme we used in this modeling has been implemented in the framework of 
object-oriented FEM and, therefore, allows an easy extension of the numerical multi-componential 
problems related to CO2 sequestration. 
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